Soils cover most of the land surface of Earth. A scientific measurement and characterization of the spatio-temporal deformations of geo-materials is critical to the understanding of earth surface processes and the safety of civil infrastructures during and after construction. However, conventional methods for measuring soil deformation, such as inclinometers, Global Positioning System (GPS) and surveying techniques, have remained quite limited in terms of either measurement range or accuracy[@b1]. The distributed fibre optic strain sensing (DFOSS) technique provides an elegant solution to this problem by enabling distributed strain measurement along an optical fibre over dozens of kilometres while maintaining a relatively high spatial resolution[@b2][@b3][@b4][@b5][@b6][@b7][@b8]. Recently this technique has been applied to measure deformations of a variety of earth structures such as slopes[@b1][@b9][@b10][@b11][@b12][@b13][@b14], foundations[@b15][@b16] and cavities and sinkholes[@b17][@b18][@b19].

A reliable and effective DFOSS-based geotechnical monitoring scheme is conditioned by many factors. Although standard optical fibres as sensing elements are inexpensive, the cost of demodulators is quite substantial, which greatly hinders the widespread application of this technology. In addition, it is required that the strain sensing fibres can not only survive in harsh environments but also ensure the strain transfer from the surrounding geo-materials to the fibre core. Demodulators are also required to survive in highly aggressive environments because the quality of measurements may be degraded due to sunlight exposure, storm or severe cold. Moreover, special attention should be paid to the sensor installation process since poor-quality sensor installation and temperature compensation may bring uncertainties to the fibre optic measurements. Furthermore, setting of proper instrument parameters such as spatial resolution and sampling interval is key to improve the quality of data interpretation. Among all these factors, the effective attachment of optical fibres to soil masses has been considered to be one of the major barriers to the successful application of DFOSS technique to soil deformation measurement[@b20]. Unlike the monitoring of steel, concrete or composite structures[@b21][@b22][@b23][@b24], for earth structures, optical fibres cannot be adhered directly to soils; hence, an intimate contact between a bare optical fibre and the surrounding soil mass can hardly be ensured. Further, soils are loose porous media and are particularly susceptible to the surrounding environment. Environmental changes, such as seasonal fluctuation of groundwater, drought, and rainfall infiltration, bring more uncertainties to the fibre--soil interfacial behaviour, thereby also affecting the validity of measured data.

Over the past decade, many researchers have attempted to detect the movements of earth structures by directly embedding optical fibres into soil masses[@b13][@b14][@b25][@b26]. The interaction between optical fibre and soil has therefore attracted considerable interest[@b11][@b19][@b27][@b28][@b29][@b30]. Recently an integrated DFOSS- and photogrammetry-based performance evaluation of a small-scale model of sand foundation under surcharge loads has brought our attention to this issue ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}, and [Fig. 1](#f1){ref-type="fig"}). Under plane strain conditions, the strains of soil along m--m' were obtained by using soil-embedded optical fibres as well as photogrammetry and particle image velocimetry (PIV) techniques ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}). Interestingly, while the strain distribution pattern of soil mass obtained by the two methods was similar, the strain magnitudes measured by the DFOSS system were much smaller, and the difference became more pronounced under higher surcharge load, which induced larger horizontal displacements of soil at the installation locations of the optical fibres ([Fig. 1](#f1){ref-type="fig"}). Although there are many factors that can explain this discrepancy, the deformation compatibility between optical fibres and soil has been considered to be a dominant factor[@b14][@b25][@b26]. In this aspect, a pioneer study reported by Iten *et al*.[@b11] suggested that pull-out tests can be an effective method to understand the interaction between optical fibre and soil. Subsequent research performed by our group has shown that the overburden pressure (OP) can effectively tighten the fibre--soil interfacial bond, thereby extending the measurement range of the optical fibre[@b27][@b28][@b29]. However, this phenomenon was discovered in pull-out tests on small soil samples and the strain distribution along the optical fibre was not obtained during the failure process of fibre--soil interface. In addition, the physical and mechanical properties of natural soils (e.g. water content, density and strength) can easily be influenced by complicated geological and environmental conditions, which may result in undesirable deterioration of the fibre--soil interface. However, up to now, no detailed investigation has been presented to elucidate the influence of these factors on the fibre--soil interfacial behaviour.

Here we examine the influence of environmental changes on the fibre--soil interfacial bond and the measurement range of optical fibre. We also examine the evolution of the distribution of strain along the optical fibre during the interfacial failure process. In addition, we present a theoretical model that can accurately describe and predict the fibre--soil interfacial behaviour throughout the whole deformation process of soil. On this basis, we further propose that the reliability of measured fibre optic strain data can be determined by estimating the stress state of the fibre--soil interface.

Results
=======

Fibre--soil interfacial characteristics are susceptible to environmental changes
--------------------------------------------------------------------------------

We previously showed that OP is a critical factor that affects the fibre--soil interfacial properties[@b27][@b28][@b29]. Here we focused on the influence of density and water content of soil. Typical pull-out force--displacement curves under various dry densities and water contents of soil are shown in [Supplementary Fig. S2](#S1){ref-type="supplementary-material"}. Peak and residual interfacial shear strengths (ISSs) increased with dry density of soil ([Fig. 2a](#f2){ref-type="fig"}, and [Supplementary Fig. S3a](#S1){ref-type="supplementary-material"}), indicating that under high soil densities, the fibre--soil interfacial bond is enhanced significantly. Consistent with this, increases in dry densities of soil were accompanied by the increase of effective and residual displacements ([Fig. 2b](#f2){ref-type="fig"}, and [Supplementary Fig. S3b](#S1){ref-type="supplementary-material"}). This suggests that the measurement range of optical fibre is extended under high densities of soil. Conversely, increasing water contents of soil caused reductions of peak and residual ISSs, and effective and residual displacements ([Fig. 2f,g](#f2){ref-type="fig"}, and [Supplementary Fig. S3c,d](#S1){ref-type="supplementary-material"}). Notably, this trend was not affected by the optimum water content of soil. This observation indicates that water content of soil plays an utterly negative role in the fibre--soil interfacial bond.

The ratio of residual to peak ISS has been considered to be an important indicator in soil deformation monitoring as this parameter helps us identify whether the optical fibre is in a valid working state from a field monitoring standpoint[@b28][@b29]. We previously demonstrated that the ratio of residual to peak ISS was not correlated with OP while the interfacial bond was highly sensitive to the OP[@b29]. Not unexpectedly, the ratio of residual to peak ISS appeared to be dry density- and water content-independent as well ([Fig. 2c,h](#f2){ref-type="fig"}). However, this observation requires further dedicated studies.

The ISS--OP relationships under different dry densities and water contents of soil were well fitted by linear lines ([Supplementary Fig. S4](#S1){ref-type="supplementary-material"}). This indicates that the fibre--soil interface obeys the well-known Mohr--Coulomb failure criterion. The fitted lines were used to obtain the cohesions and friction angles of the fibre--soil interface ([Supplementary Table S1](#S1){ref-type="supplementary-material"}). Consistent with ISSs, the cohesions and friction angles increased with dry density of soil, while the increase in water contents of soil caused reductions of these two parameters. Collectively, our results indicate that the fibre--soil interfacial characteristics are susceptible to the overburden pressure, density and water content of soil.

Measuring strain distribution evolution during progressive fibre--soil interface failure
----------------------------------------------------------------------------------------

Next we sought to investigate the evolution of strain distribution along the optical fibre during the interfacial failure process. A 1200-mm long and 2-mm diameter optical fibre was tested in a sand-filled tank ([Supplementary Fig. S5](#S1){ref-type="supplementary-material"}), where the fibre optic strain data were obtained using a Brillouin optical time-domain analysis (BOTDA) demodulator with a spatial resolution of 50 mm and a sampling interval of 10 mm, allowing for the acquisition of 100 data points over a 1-m distance. Detailed experiment procedure is described in the "Materials and Methods" section. The experimental results are shown in [Fig. 3](#f3){ref-type="fig"}. Applied pull-out forces measured by a force gauge (*P*~FG~) agreed well with those calculated using the fibre optic strain values at the fibre head (*P*~FOS~) ([Fig. 3b](#f3){ref-type="fig"}), indicating the experimental setup was reliable and the measured fibre optic strain data were accurate. The relationship between pull-out force and pull-out displacement displays some important features ([Fig. 3a](#f3){ref-type="fig"}). Up to peak, the pull-out force increased with an increasing displacement and the curve was highly non-linear. Differently, the pull-out force tended to be stable after peak in spite of the continuous increase of the displacement.

Axial strains of the fibre were obtained under 12 displacement steps ([Fig. 3c](#f3){ref-type="fig"}). Remarkably, the strains emerged at the loading point and then propagated towards the far end of the fibre with the increase of pull-out displacement. The strains were fully mobilised at a displacement of 5.36 mm, corresponding to a pull-out force of 10.8 N. Prior to that, the mobilised length was correlated with the pull-out force and their relationship curve was fitted using a linear line ([Fig. 3d](#f3){ref-type="fig"}). Additionally, two distinctive zones were identified within the mobilised length. The strain distribution in the first zone can be approximated by a straight line, whereas that in the remaining portion can be fitted by a non-linear curve. The straight portion increased with the applied displacement and eventually distributed along the whole fibre length. Importantly, because differentiation of axial strain with respect to position may yield ISS, our results show that the plastic or the failure zone, characterized by a constant value of ISS, propagated towards the fibre toe with the increase of pull-out displacement, and finally occupied the whole fibre length. Combined with the relationship between pull-out force and pull-out displacement, these observations indicate that during the progressive failure process the fibre--soil interfacial behaviour can be described by using an ideal elasto--plastic model.

Interpretation of the experimental results using a simplified fibre--soil interaction model
-------------------------------------------------------------------------------------------

Here we proposed a simplified model to describe and interpret the fibre--soil interfacial behaviour during the progressive failure process ([Fig. 4](#f4){ref-type="fig"}). We assumed an elasto--plastic shear stress--strain constitutive relations for the fibre--soil interface:

where *τ* and *γ* are the interfacial shear stress and strain, respectively; *γ*~1~ is the interfacial shear strain corresponding to the peak ISS, *τ*~max~; and *G* is the shear stiffness of the fibre--soil interface. The curve has an elastic branch up to the peak ISS (denoting a perfectly coupled interface), followed by a horizontal branch indicating the fibre--soil interface is totally decoupled ([Fig. 4a](#f4){ref-type="fig"}).

With the increase of the pull-out force applied on the fibre head, the ISS and the axial strain increases gradually. At first no interface debonding occurs ([Fig. 4b](#f4){ref-type="fig"}, left panel). Once the ISS at the fibre head reaches *τ*~max~, interface debonding initiates and propagates from the fibre head to the toe. At this stage, both elastic and plastic stress states of the interface exist along the optical fibre ([Fig. 4b](#f4){ref-type="fig"}, middle panel). When the ISS peaks at the fibre toe, the interface is entirely debonded ([Fig. 4b](#f4){ref-type="fig"}, right panel). We therefore divided the whole pull-out process into three phases ([Fig. 4c](#f4){ref-type="fig"}), i.e. the pure elastic phase (Phase I), the elasto--plastic phase (Phase II) and the pure plastic phase (Phase III). We derived the relation between pull-out force *P* and pull-out displacement *u*~0~ for each pull-out phase as

where *D*, *L*, *A* and *E* are the diameter, length, cross-sectional area and Young's modulus of the optical fibre, respectively; *G*^\*^ is a shear coefficient of the fibre--soil interface defined as *G*^\*^=2*G*/*h*; *h* is the thickness of the shearing band along the fibre; *β* is a coefficient defined by ; and *L*~*p*~ is the length of the plastic zone. In addition, we also obtained the distributions of axial strain, interfacial shear stress, and displacement along the optical fibre for each of the three pull-out phases. Detailed formulations are provided in the [Supplementary Information](#S1){ref-type="supplementary-material"}.

The model was employed to simulate the experimental results using the following parameters: *D* = 2 mm, *L* = 1.2 m, *E* = 0.34 GPa, *G*^\*^ = 20 MPa/m, and *τ*~max~ = 1.53 kPa. The former two parameters (*D* and *L*) were the actual dimensions of the fibre. The Young's modulus *E* of the fibre was obtained using a series of standard uniaxial tensile tests. The latter two parameters (*G*^\*^ and *τ*~max~) were obtained by fitting the proposed model to the experimental data using a least squares method. The predicted results obtained by simulation agreed reasonably well with the experimental data ([Fig. 3a,c](#f3){ref-type="fig"}, red dashed lines). Notably, the axial strain, with respect to distance, is a hyperbolic function and a linear function in the elastic zone and the plastic zone, respectively (see equations (S6) and (S10) in [Supplementary Information](#S1){ref-type="supplementary-material"}), which is consistent with our previous description of the two distinctive zones of the strain distribution. Thus, our model can rationally describe the progressive failure behaviour of the fibre--soil interface, and accurately predict the evolution of the strain distribution.

On this basis, we further proposed that three working states of a strain sensing fibre can be identified during the course of fibre--soil interface failure, namely the effective state, the partially effective state and the invalid state ([Fig. 4b](#f4){ref-type="fig"}). Under the effective working state, the fibre--soil interface is at the elastic stress state and the strain measurements are considered as reliable. Conversely, under the invalid working state, the interface is at the plastic stress state and the measured data should be regarded as invalid. For a specific segment of an optical fibre, the reliability of strain measurements can be determined according to the interface working state of that segment, which can be estimated using a simple approach in engineering practice[@b27][@b30]. In this approach, the ISS can be expressed as

where d*ε*/d*x* is the gradient of strain along the fibre segment. If the calculated ISS *τ* is smaller than the peak ISS *τ*~max~, the measured strain data can be regarded as valid.

Discussion
==========

This paper highlights the role of distributed fibre optic strain sensor--soil interface in measuring soil deformation. We elucidated the influence of environmental changes on the fibre--soil interfacial behaviour, examined the evolution of strain distribution along the optical fibre during progressive interface failure, and derived a theoretical model to simulate the experimental data. These results led to a simple approach to evaluate the reliability of measured fibre optic strain data. To our knowledge, this is the first comprehensive characterization of the fibre--soil interface for application of DFOSS technique to soil deformation measurement.

Previous studies have reported overburden pressure as an important role in the fibre--soil interfacial behaviour[@b27][@b28][@b29]. The present study shows that the fibre--soil interfacial characteristics were susceptible to not only overburden pressure, but also density and water content of soil. The higher the overburden pressure and density and the lower the water content, the tighter the fibre--soil interfacial bond and the larger the measurement range of optical fibre ([Fig. 2a,b,f,g](#f2){ref-type="fig"}). Although the experimental data were limited, our findings indicate that an intimate connection between fibre and soil can hardly be ensured if the soil is loosely filled and/or highly saturated. In this context, optical fibres with anchorages are suggested to be adopted so that the interfacial bond between sensor and surrounding soil can be enhanced significantly[@b11][@b14].

The failure of the fibre--soil interface has been found to be highly progressive during the deformation process of soil[@b11][@b27]. In the present study, the evolution of strain distribution captured by the BOTDA demodulator further confirmed this phenomenon. Compared with a previous study reported by Iten *et al*.[@b31], our focus was on examining the validity of measured data during the course of progressive interface failure, which enabled us to identify and propose three working states of a soil-embedded strain sensing fibre ([Fig. 4c](#f4){ref-type="fig"}). Earlier we performed small-scale optical fibre pull-out tests and employed classical structure--soil interaction models to describe the progressive failure process of the fibre--soil interface[@b23][@b24][@b25]. Unfortunately, because the optical fibres embedded in soil samples was so short (61.8 mm or 79.8 mm in length) that the BOTDA demodulator could hardly measure the strain distribution during testing, the proposed methodology was not strictly validated. In this study, the proposed model was verified by not only the pull-out force--displacement curve but also the distributions of strain along the optical fibre ([Fig. 3a,c](#f3){ref-type="fig"}).

However, the proposed model has some limitations. First, the model was established under one-dimensional conditions (e.g. the fibre responded only to soil deformation in the longitudinal direction). In engineering practices, the deformation field of soil is fairly complicated. The fibre cannot keep straight if the transverse deformation of soil is considerable, which in turn makes it more challenging to assess the validity of measured soil strains[@b11][@b29]. Second, the effect of anchorages on the fibre--soil interaction was not considered. Although some practitioners have employed optical fibres with anchorages located at certain intervals (10 cm to 30 cm in laboratory models[@b11][@b14], and 2 m in the field[@b11][@b32]) to improve the interfacial bond between fibre and soil, the underlying mechanism has seldom been investigated and remained largely unknown[@b11][@b30]. These two factors should be taken into consideration in further studies so that a more refined model can be established.

In the sand foundation model test, for the first time we used PIV technique to validate the fibre optic strain measurements. The strains measured by the BOTDA technique were found to be much smaller than those obtained using the PIV technique ([Fig. 1](#f1){ref-type="fig"}), which were mainly attributed to the imperfect contact between the fibre and the soil. However, there were some other factors that could lead to this discrepancy. (1) The plane strain condition was not strictly controlled. This could be due to the disturbance of the embedded optical fibres to the sand foundation, the eccentricity of the applied loads, as well as the non-uniformity of the compacted foundation model. (2) The quality of the photographs was affected by the imperfect test condition and the image processing process also caused errors. The lighting condition was not as good as expected and the distortion of images could not be entirely eliminated, so the quality of the captured photographs was not perfect. In addition, calculation errors might accumulate when computing the strain field of the sand foundation from the displacement field. (3) The fibre optic strain measurements were highly dependent on the spatial resolution of the BOTDA demodulator. The soil strains were measured with a spatial resolution of 50 mm. While this value was only 1/10 of the length of the test tank, its influence on the measured strain could not be neglected. All these factors could bring about uncertainties to the measurements presented in this study, and should therefore be taken into consideration in further research.

The DFOSS technique is a rapidly evolving technique and has enormous potentialities in monitoring deformations and movements of earth structures; however, there are still many problems to be addressed. The issue of deformation compatibility between fibre and soil is such an obstacle that must be overcome. Collectively, the findings of our study may not only shed light on the fibre--soil interfacial behaviour, but also have important implications for interpreting fibre optic strain measurements and deploying a reliable DFOSS-based geotechnical monitoring project. Nevertheless, further studies are needed to elucidate the contribution of anchorages to the improvement of fibre--soil interfacial bond to enable wider application of DFOSS technique to soil deformation measurement and early warning of related geologic hazards.

Materials and Methods
=====================

Integrated DFOSS- and photogrammetry-based performance evaluation of a sandy soil foundation under surcharge loads
------------------------------------------------------------------------------------------------------------------

The tested fibre was a single-mode optical fibre fabricated by Suzhou Nanzee Sensing Co., Ltd., China. It was coated by a polyurethane jacket and the outer diameter was 1.2 mm. The soil was clean river sand, which was collected from the Yangtze River, Nanjing, China. The average grain size was 0.35 mm. The coefficients of uniformity and curvature were 1.61 and 1.06, respectively. The soil was classified as poorly graded sand (SP) according to the Unified Soil Classification System. The BOTDA demodulator was NBX-6050 produced by Neubrex Co., Ltd., Japan. The spatial resolution and the sampling interval were set as 50 mm and 25 mm, respectively. The camera used here was Canon EOS 600D. The footing, made of aluminium, was 50 mm in length, 100 mm in width and 2 mm in thickness. The loads were applied statistically using iron weights.

Schematic of the experiment setup is shown in [Supplementary Fig. S1](#S1){ref-type="supplementary-material"}. The test tank was made of acrylic with internal dimensions of 500 mm long by 100 mm wide by 200 mm high. The thicknesses of the front and back walls were selected as 35 mm in order to avoid undesirable deformation under high pressures. The soil was compacted in five layers into the tank. The water content and dry density of the soil were kept at 10% and 1.60 g/cm^3^, respectively. The relative density of soil was 0.84, indicating the soil was dense. When the soil was compacted at the height of 50 mm, 83 mm, 116 mm, and 150 mm from the bottom of the tank, two optical fibres were laid symmetrically in the box, respectively. We note that because the soil deformations away from the footing were so small that the PIV analyses fluctuated markedly, here only the strains of soil at the height of 150 mm are presented and discussed, and only the fibres at this height are sketched in Fig. S1a. The fibres were pre-strained using small plastic discs glued onto side walls to allow compressive strains to be detected. Multi-loadings were applied on the footing up to a maximum of 73.9 kPa. Under each loading, photographs were taken by the camera placed at the front of the test tank, and strains along the optical fibres were measured by the BOTDA demodulator.

The photographs captured by the camera were analysed using the PIV technique[@b33], through which soil strains (in με) and displacements (in pixel) were obtained. PIV data under the surcharge load of 53.5 kPa fluctuated, so we smoothed them using the "smooth" function in MATLAB (span = 0.1, method = loess).

Examining the influence of water content and density of soil on fibre--soil interface
-------------------------------------------------------------------------------------

The optical fibre tested here was a single-mode fibre provided by Suzhou Nanzee Sensing Co., Ltd., China. It was coated by a hytrel jacket. The diameter of the optical fibre was 0.9 mm, and the Young's modulus of the optical fibre was 1.75 GPa according to the results of standard uniaxial tensile tests. The soil used here was a poorly graded sand (SP) obtained from a construction site in Nanjing, China. The detailed physical and mechanical properties of the sand can be found in Zhang *et al*.[@b27].

Pull-out tests were performed following the procedure proposed by Zhang *et al*.[@b27]. Of note, the diameter of the cutting ring was changed to 79.8 mm to ensure a longer bonding length and hence a better repeatability of the data. Dry densities of soil ranging from 1.5 g/cm[@b3] to 1.9 g/cm^3^ and water contents ranging from 8% to 12% were investigated. For each dry density, the water content was kept at 10%; while for each water content, the dry density was kept at 1.8 g/cm^3^. OPs ranging from 0 kPa to 60 kPa were applied on all the test samples.

The obtained pull-out force--displacement curves ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}) were interpreted using an explicit model[@b29], through which various interfacial parameters were determined.

Measuring the evolution of strain along the optical fibre
---------------------------------------------------------

The tested optical fibre was 1200 mm in length and 2 mm in diameter, which was fabricated by Suzhou Nanzee Sensing Co., Ltd., China. The material of the jacket was polyurethane. The Young's modulus was 0.34 GPa, which was determined based on the results of standard uniaxial tensile tests. The soil and the BOTDA demodulator used here were the same as those used in the foundation test.

Schematic diagram of the experimental apparatus is shown in [Supplementary Fig. S5](#S1){ref-type="supplementary-material"}. The test tank was made of aluminium with internal dimensions of 1500 mm long by 200 mm wide by 200 mm high. A 60 mm-diameter hole was drilled on the front wall. The soil was compacted in five layers into the tank. The water content and dry density of the soil were kept at 5% and 1.53 g/cm^3^, respectively. A 200-mm free segment of fibre was left in the vicinity of the front wall to eliminate the boundary effect. Pull-out displacements were applied by an electric motor. The pull-out forces and displacements were measured by a force gauge and a dial gauge, respectively. Another dial gauge was pointed at the back wall to ensure that the test tank was stationary. A maximum displacement of 11.33 mm was applied and 12 sets of strain data were obtained.

Additional Information
======================

**How to cite this article**: Zhang, C.-C. *et al*. Role of the interface between distributed fibre optic strain sensor and soil in ground deformation measurement. *Sci. Rep*. **6**, 36469; doi: 10.1038/srep36469 (2016).

**Publisher's note**: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary Material {#S1}
======================

###### Supplementary Information

This study was financially supported by the National Natural Science Foundation of China (Grant Nos 41672277, 41302217 and 41230636). J.-K. She, G. Cheng, D.-D. Chen, F. Li, X.-Y. Xu and D.-Y. Wang attended the laboratory experiments. H.-H.Z. is grateful for financial support from the China Scholarship Council for his academic visit to Prof. Kenichi Soga's research group, the University of Cambridge.

**Author Contributions** H.-H.Z. designed the project. C.-C.Z. performed the experiments and proposed the theoretical model. C.-C.Z. and H.-H.Z. analysed the data and prepared the manuscript. B.S. discussed the experiment scheme, reviewed and commented on the manuscript.

![Results of an integrated distributed fibre optic strain sensing (DFOSS)- and photogrammetry-based study on the deformation behaviour of a small-scale sand foundation under surcharge loads.\
Comparison of soil strains along m--m' obtained by DFOSS and particle image velocimetry (PIV) techniques under surcharge loads of 53.5 kPa (**a**) and 73.9 kPa (**b**), respectively. m--m' is the installation locations of the optical fibres from a front view ([Supplementary Fig. S1a](#S1){ref-type="supplementary-material"}). DFOSS strain data were averaged over two optical fibres placed in parallel. PIV data under the surcharge load of 53.5 kPa were smoothed. The boxes shaded in grey represent the footing. Heat maps display the horizontal displacements of soil along m--m' (unit: pixel).](srep36469-f1){#f1}

![Influence of dry density and water content of soil on the fibre--soil interfacial behaviour.\
For each dry density or water content, overburden pressures (OPs) ranging from 0 kPa to 60 kPa were investigated. For each dry density, water content was 10%. For each water content, dry density was 1.8 g/cm^3^. Peak interfacial shear stress (ISS) **(a,f)**, effective displacement **(b,g)**, and ratio of residual to peak ISS **(c,h)** were inverted from the pull-out force--displacement curves ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}) using an explicit model[@b25]. Boxplots in **(c,h)** depict all the data under each dry density or water content. Cohesion **(d,i)** and friction angle **(e,j)** were obtained from the ISS**--**OP relationships fitted with linear lines ([Supplementary Fig. S4](#S1){ref-type="supplementary-material"}, and [Supplementary Table 1](#S1){ref-type="supplementary-material"}). Grey dashed line indicates optimum water content of the soil.](srep36469-f2){#f2}

![Evolution of strain distribution during progressive fibre--soil interface failure.\
**(a)** Curve of pull-out force versus pull-out displacement. **(b)** Correlation between pull-out forces measured by the force gauge (*P*~FG~) and those calculated using measured fibre optic strain data (*P*~FOS~). Solid line indicates 1:1 ratio. **(c)** Evolution of the strain distribution along the optical fibre under incremental displacements. Red dashed lines in **(a,c)** indicate results predicted by a fibre--soil interaction model proposed in this study. **(d)** Correlation between pull-out force and mobilised length (normalised). Dashed line indicates linear fits. Pull-out force in **(a,d)** refers to *P*~FG~.](srep36469-f3){#f3}

![A simplified model proposed to describe the fibre--soil interfacial behaviour during progressive failure process.\
**(a)** Relationship between shear stress and shear strain for the fibre--soil interface. OA and AB denote elastic and plastic branches, respectively. **(b)** Evolution of the distribution of interfacial shear stress and axial strain along the strain sensing fibre during the failure process. **(c)** A typical pull-out force--displacement curve derived from the model. Three pull-out phases (i.e. Phases I, II and III) are marked, and three working states (i.e. effective, partially effective and invalid states) of a strain sensing fibre are shaded for clarity. "*P*" indicates pull-out force applied on the fibre head.](srep36469-f4){#f4}
